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Asymmetric Organocatalysis

Asymmetric organocatalysis, in which a chiral organic molecule catalyzes an enantioselective
transformation, is a rapidly growing field'”. Organocatalysts are widely employed in phase
transfer catalysis, kinetic resolutions as well as a variety of asymmetric syntheses. Although
many of these reactions have complementary approaches in the well-studied fields of
organometallic catalysis and bioorganic catalysis’, asymmetric organocatalysis offers several
attractive features.

Unlike metal-ligand complexes, organocatalysts generally tolerate aerobic conditions and do not
require rigorous exclusion of water. They possess a wider substrate scope than enzymes and can
be used in a variety of organic solvents. Organocatalysts can be synthesized or accessed from
naturally chiral molecules, and are also amenable to solid phase synthesis and high throughput
screening techniques.

Several popular organocatalysts are actually well-known as ligands in organometallic chemistry
and can function as asymmetric catalysts themselves. Other types of organocatalysts display
characteristics and mechanistic similarities to known bioorganic catalysts and are often referred to
as enzyme mimics. A variety of organic molecules have been employed as asymmetric catalysts,
particularly the cinchona alkaloids, amino acids and derivatives, small peptide-based molecules
as well as heterazolium catalysts.
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Figure 1. Structures of quinine and quinidine constraints imposed by the bulky quinoline and

quinuclidine ring systems as well as the presence of
both Lewis acidic and Lewis basic sites have rendered the cinchona alkaloids useful asymmetric
catalysts for a variety of transformations.

Their use as nucleophilic catalysts was first described over twenty years ago in an elegant
synthesis of [-lactones by Wynberg and Staring5’6. This process utilized the nucleophilic
nitrogen in the quinuclidine ring to promote a net [2 + 2] cycloaddition between activated
aldehydes and ketenes. The reaction between chloral and ketene catalyzed by O-acetyl quinidine
formed the corresponding B-lactone with S-configuration in 89% yield and 98% ee. The reaction
is presumed to proceed through a tandem aldol-lactonization process.

Due to the high levels of stereoselectivity achieved, several elaborations on this methodology
have been reported. The asymmetric synthesis of bicyclic lactones’ via an intramolecular aldol-
lactonization process catalyzed by O-acetyl quinidine as well as the dimerization of methyl



ketene to form optically active polypropionate synthons are two examples®’. Notably, Leckta
utilized benzoyl quinine as catalyst for the highly enantioselective preparation of asymmetric 3-
lactams via an imine-lactamization process. = Modest yields (45 — 65%), albeit strong
diastereoselectivity (99:1) and excellent enantioselectivity (96 — 99%), resulted for a variety of
aryl, alkyl and alkoxy-substituted B-lactams'’. A particularly interesting example of cinchona
alkaloid catalysis has been employed in the first catalytic, highly enantioselective Baylis-Hillman
reaction (Figure 2)". OH O CFs
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as an activated alkene and a
quinidine-derived catalyst, were found to react with p-nitrobenzaldehyde to yield the
corresponding (R)-a-methylene-B-hydroxyester in 58% yield and 91% ee in only one hour.

Figure 2. Asymmetric Baylis-Hillman Reaction

Proline

In the early 1970s, two groups, Hajos and Parrish'* as well as Eder, Sauer and Weichert'’,
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Figure 3. Asymmetric Robinson Annulation catalyzed by L-proline intramolecular aldol reaction with
high yields and excellent
enantioselectivity. Subsequent investigation led to the proposed mechanism in which an
intermediate enamine effectively discriminates between two enantiotopic carbonyl groupsm. The
enamine intermediate implicated in the asymmetric Robinson annulation is reminiscent of the
Type 1 aldolases which also mediate aldol reactions via an enamine intermediate'’. This elegant
asymmetric synthesis has proven useful in the synthesis of a variety of steroids and terpenes'™"”.

List, Lerner and Barbas have reported a direct intermolecular aldol reaction between unmodified
acetone and a variety of aldehydes®?'. Structure-based catalyst screenings identified L-proline
and 5,5-dimethyl thiazolidinium-4-carboxylate (DMTC) as suitable catalysts. The L-proline-
catalyzed reaction between isobutyraldehyde and acetone (20 vol%) yielded the B-hydroxy
ketone in 97% yield and 96% ee. When hydroxyacetone was employed as an aldol donor, 1,2-
anti diols were prepared with high levels of
enantioselectivity up to 99%>2. Unbranched

aldehydes underwent self-aldolization and R§1 S
yielded lesser amounts of the aldol products®. O--
In these transformation, L-proline functions as H

a “microaldolase” similar to Type 1 aldolases, Figure 4. L-proline-catayzed aldol transtion state
and the reaction is presumed to proceed via an

enamine intermediate in a well-defined, metal-free Zimmerman-Traxler-type transition state
(Figure 4). Unlike most catalytic asymmetric aldol reactions, this variant does not require a
preformed enolate. Although 20-30 mol% of L-proline is required, it can be recovered by simple
filtration.



L-Proline has also been shown to be an effective catalyst for the direct Mannich reaction between
acetone, p-anisidine, and a variety of aldehydes®**”. The p-methoxyphenyl (PMP)-protected
amines are isolated in moderate to high yields (35-90%) with good to excellent enatioselectivity
(70-96%) from both a-substituted and a-unsubstitued aldehydes. The use of hydroxyacetone
yields syn-1,2-amino alcohols with high levels of enantioselectivitiy (61- 99%). Compared to the
direct aldol reaction which yielded anti-diastereomers, syn-diastereomers arise in the Mannich
reaction due to the greater steric interactions between the aryl amine and the pyrrolidine ring of
the catalyst. In addition, modest levels of enantioinduction have been achieved when L-proline
has been employed as a catalyst in asymmetric Michael additions®**"?*,

Amino Acid Derivatives

The first example of an asymmetric base-catalyzed Diels-Alder reaction was published by Riant
and Kagan in which a variety of chiral 3-amino alcohols, including those derived from L-proline,
were used as catalysts”. Excellent yields ranging from 85 — 95% were obtained, although with
moderate levels of enantioselectivity. Recently, MacMillan and co-workers have employed an
organocatalyst derived from phenylalanine in Diels-Alder reactions. The formation of an iminium
ion is postulated to lower the lowest-unoccupied molecular orbital (LUMO) of the dienophile.
After cycloaddition,
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Figure 5. Diels-Alder reaction catalyzed by the formation of a chiral iminium ion and excellent

enantioselecitivities for both a,B-unsaturated aldehydes (Figure 5)°' and ketones®. In addition,
catalysis via the formation of a reversible iminium ion has proven a general strategy for
asymmetric 1,3-dipolar cycloadditions between o,B-unsaturated aldehydes and nitrones™,
Friedel-Crafts alkylation™, indole alkylation® as well as the conjugate addition of electron-rich
benzenes to o,B-unsaturated aldehydes™.

Recently, Corey reported the use of a C-2 symmetric guanidine catalyst derived from
phenylglycine to promote the enantioselective addition of hydrogen cyanide to N-benzhydryl
imines’’. The resulting a-amino nitriles were formed in excellent yields (80 — 99%) and high
ee’s (50-88%) for aromatic imines. Hydrogen bonding and van der Waals forces between the
catalysts and the imine are suggested to explain the high levels of stereoinduction as well as the
reversal of configuration when alkyl imines are employed.

Peptide-based catalysts

Inoue reported the enantioselective addition of hydrogen cyanide to aldehydes catalyzed by a
rigid cyclic dipeptide composed of L-phenylalanine and L-histidine’®. Designed to be a small
molecule enzyme mimic of oxynitrilase, the dipeptide catalyzed the formation of the (R)
cyanohydrin from benzaldehyde in 97% conversion and 97% ee. In contrast to the structural
simplicity of the molecule, this reaction displays complex behavior including enantioselective
autoinduction and the indication of a non-monomeric catalyst species’”. Surprisingly, this
dipeptide did not catalyze the enantioselective addition of cyanide to aldimines; however, a slight
modification of the side chain imidazole to a more basic guanidine yielded a successful catalyst™.
The role of guanidine likely ensures a tight ion pair between cyanide and the protonated catalyst



prior to nucleophilic addition to the imine. Interestingly, this slight modification from Inoue’s
original catalyst resulted in opposite facial selectivity for cyanide addition.

Although linear peptides were once considered unsuitable for catalysis due to their flexible nature
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Figure 6. Enantioselective phosphorylation of meso-triol n SOlutiOl’l“. Miller demonstrated that

simple B-turn peptides armed with a T-
(benzyl)-histidine residue are enantioselective catalysts for the asymmetric addition of azides to
a,B-unsaturated carbonyl compounds*®. The B-azidocarbonyls were shown to undergo
subsequent inter- and intramolecular 1,3-dipolar cycloaddition without loss of optical activity®.
Peptide catalysts have also been shown to promote the enantio- and regio-selective mono-
phosphorylation of polyols (Figure 6)*. In analogy to histidine-dependent kinases, the reaction
may include an intermediate phosphoimidazolium ion that interacts with specific substrate sites in
a manner controlled by the peptide’s conformation.

Heterazolium Catalysis

Although Breslow elucidated the mechanism of thiazolium catalysis over forty years ago in the
context of the benzoin condensation'”**) there have been few successful asymmetric
developments based on this approach®>**'. Slight improvements in enantioselectivity were made

with  triazolium catalysis’>. The
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Figure 7. Triazolium catalysis of the Stetter reaction

Conclusion

High levels of enantioselectivity have been achieved for a variety of different reactions using
simple organic molecules as catalysts. Classic examples include Wynberg’s synthesis of [3-
lactones catalyzed by O-acetyl quinidine and the asymmetric Robinson annulation catalyzed by L-
proline. Leckta’s route to enantioselective [3-lactams is especially elegant and could prove useful
for the synthesis for a variety of biologically important molecules. Methodology surrounding the
development of the direct aldol is exciting; however, the large excess of acetone that is required
limits the scope of the reaction. In particular, combinatorial approaches to peptide-based
catalysts, such as those developed by Jacobsen and Miller, show scope for future developments.
Although organocatalysis does not rival the scope of organometallic catalysis or the selectivity



and efficiency of bioorganic catalysis, it is a growing field that offers an interesting complement
to other catalytic approaches.
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